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e The CERN EP-DT-DC section (Detector Technology-Detector Cooling) has the mandate

of developing high performance light weight cooling solutions for particle detectors.

* Founded in 2008 as a project, it started to develop CO, based cooling solutions for the
Phase-1 upgrade of CMS (operational 2015) and later ATLAS (operational 2014).

e EP-DT-DC also introduced the micro-channel cooling (cooling embedded in silicon),
see details of the technology in talk on Thursday 14:45

* EP-DT-DC developed the full-scale CO, cooling systems for the phase 2 upgrade of
ATLAS and CMS (1-2 orders of magnitude scaling up in power)
o Currently being build, first systems running
o Ful implementation in LS3
 EP-DT-DCis now starting to look in the future cooling needs
o Going colder for higher radiation environments (LHC-HL, FCC pp)
o Improve efficiency for warm cooling applications (FCC-ee)
o Ultra low temperature cooling for Silicon Photo Multiplier (SiPM)

 EP-DT-DC is available to give support for your cooling challenges
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the future for silicon detectors? (_ etector Coolng Soluions )
4 3
FCChh, HE-LHC, ...
- CLIC, FCCee, ILC, CEPC,...
hh collisions p*e collisions
* High radiation dose (~ 100 MGy/10yeatrs) ) Unp receden{ed spatial resolution (1-5 um
 Very high integrated dissipated power point resolution)
» Low dissipated power (<50mW/cm?)
CO2, Kr Evapor.at.lve cooI!ng Direct Air cooling CO2, Water, air
Super critical cooling Liquid cooling
: : . Super critical cooling
Also an option for SiPM cooling Evaporative cooling
We only focus on Very Low Temperature, Room Temperature,
natural cooling fluids High Pressure | Minimum Material budget
\_ 7
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EP-DT |dentified detector cooling fluid choices AR

~7 Detector Technologies . 3-02-2026
a n d tec h n 0 | Ogl ES C Detector Cooling Solutions )
@ Ny N
3 Bl o= 10N e Current R&D in DRD8-WG3
40 AR T T T T T . . -
- Super critical CO2 (ongoing R&D) — EP-DT-DC & Offenburg (Germany)
— 20 Warm CO2 2PACL (known) 4
- 0 CO2 application n C\/: The 2PACL technology with CO2 has many applications within HEP.
il range CERN/EP-DT-DC is the center of expertise
—-20
—— -40 v Development of an oil free
el Gl - : -J CO, compressor needed
— -60 Super critical Krypton (ongoing R&D) Lots of similarities, likely
— _80 Ejector operated single stage vapor be similar technology,
- Krypton application compression with Kr (ongoing R&D) Current R&D in DRDE.WG3 even interchangeable
- range
Rl & . EP-DT-DC & NTNU (Norway)
umng Ejector operated 2-stage vapor
—-120 compression with Kr (extended R&D)
— 140 f - --
o Argon application range
—-160) A
—_; -180 Nitrogen application
- range Low pressure LN, technology has many applications
— C ic LN, system (k 2
B — — - — - — - ryosemc Ll System kowr) within cryogenics CERN/Cryolab is the center of expertise

S Albased on safe natural cooling luids only for a green and safe detector future %
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C Detector Cooling Solutions )
- Super critical N
A cooling pipe with heat load:
g * Increasing temperature in single phase
2 . N (liguid, gas and supercritical)
g i ! D ing t ture in 2-phase due t
Q | o =
$ 20-c- 2-phase . ecreasing temperature in 2-phase due to
30°C : ’l\ X pressure drop
Enthalpy (J/kg) ! ! : * Best heat transfer in 2-phase at the lower
| | . .
Liquid Superheating I | X Vapor quallty range
G | | !
o . | !
o 1 . !
Fé’ Increasing a¥ : Target area for detector cooling is 2-phase
g LR % evaporative cooling in the lower vapor quality
- i ! range
-3 ; I
. ; i— This gives the lowest gradients and lowest
! ' — = ! cooling mass
I L Dry-out zone - !
> —h — > >
R\ Sub cooled liquid 2-phase liquid / vapor Super heated vapor )
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] The overall performance is the sum of the
oA T t pressure drop losses and the heat transfer losses
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Future cooling domains

O

O

( New cooling research topics beyond the capacity
of CO, 2PACL (25/-40°) have been identified for
future detectors using the same volumetric heat
transfer approach

o Warm detectors for future eé accelerators (>20°C)
* Super and sub critical CO, (EP-DT-DC)
o Colder CO, close to triple point
* New cycle with oil free compressor and ejector
o Extended cold detectors for LHC upgrade or FCC-pp (<-6O°C)2
* Super and sub critical Krypton (EP-DT-DC) “;E
o Silicon PM detectors (-200 / -80°C) g
» 2-stage Krypton >-140°C, (EP-DT-DC) %
* | The future research perspectives are definedin
the following research programs T

DRD8-WG3
Forum on Tracking Detector Mechanics 2025 (16-20
June 2025): Overview - Indico
2nd DRDS8 Collaboration Meeting (October 14, 2025) -
Indico

ECFA R&D roadmap https://cds.cern.ch/record/2784893.

WP4 of the CERN EP R&D on Experimental Technologies
(https://ep-dep.web.cern.ch/rd-experimental-technologies)

Sub & Supercritical Krypton
cooling, PhD project by Luca
Contiero and Lukas Koster
(CERN/NTNU)

Sub & Supercritical CO2
cooling, PhD project by
Camila Pedano

" (CERN/KIT/HSO)
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https://indico.cern.ch/event/1482847/
https://indico.cern.ch/event/1573561/
https://cds.cern.ch/record/2784893
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EP-DT CO, 2PACL: The current default technology for detector ( vero | v | vaom
Detector Technologies  cooling from +25 °C to -40°C 03-02-2026
(2-Phase Accumulator Controlled Loop) (__ Detector Cooling Solutions )
. 2-Phase 5| Shielding wall : . N
D P7 Accumulator e Evaporator inside o Low va por quallty COOI|ng
<+ 5 detector (4-5) for best heat transfer in
< Heatin ‘;3
Commercial < 14| Long distance small tubes
. %5 (50-100 )
refrigerator B ( ™) X e Large operational
o & ;,f‘,i*‘ 5 temperature range
E . %% ) {$ o3 o +25°C/-40°C on detector
(S ‘.‘.'.‘! L
b — Ny k2% o Independent to applied
g e — heat load
1 ° :.51 Trar;sfer line v Capillaries (3-4) ¢ LIqUId IOOp sta rt_up
Pump o for flow distribution 4
- ,f)« (Heat exchanger) o No thermal shocks
Operation = Start-up Measured start-up ., yary stable evaporator
A o " ‘ 1 t
. . o1 Liquid emperature control at a
g [P vapor 2l S 1) o — distapnce
o 2
§ T Yo |B sl < 2phase\ Gas _— L o Pdetector (P4-5) =
E 2 = S (Evaporation) £ (solid/Liquid) Paccumulator (P7)
Al 20°C SP=5°C= =0 == l -
‘ K fas \ ~ ¢ Accurate controlled cooling
L A . down speed
7 /g%ir:;j:?:;ge R — o Typical >1°C/min
s SP=-30°C === ==-- / (Liquid/Vapor) . . .
1 /GB * All active control in distant
485 . —40°C H 1
ISOthermaHIne [\ 1050 160 150 200 ZSDTH 300 350 plant In an acceSSIbIe area
Enthalpy . L \. J
CO2 - 2PACL has become the detector cooling standard in HEP

03/02/2026 * Reliable, Stable & Easy to operate down to -40°C on detector y



renoreanooges - CO5 2PACL cooling systems at CERN

AMS@ISS \ LHCb-Velo ATLAS-IBL * CMS-Pixel
2011- co¢ 2008-2018 2014- 2015- N
Birth of 2PACL 3 Birth of CO2 coolin - &G5S0 DEMO 2PACL
inﬂk d I oy 2022-2024
LHCb-Mauve Baby-DEMO test system R744 system A
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L a—— 2PACL systems for ATLAS and CMS Phase 2 upgrade

1 system installed in ATLAS

o Commissioning started, very good 15t results
All systems installed in CMS

o Lessons from ATLAS will be applied

o Commissioning has started in January

o 15t full system start up next week




Gl | epor ~ Super critical cooling vs. sub critical cooling

<7 Detector Technologies
Psuedo critical point (Where the
Close above the critical point, p-h diagram {Cﬂzl isotherm inclination is most horizontal)
100 T T ; T T /I | - ‘100\ ' ' ' : : —
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P, = 80.03 bar
EP-DT 80 - :
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C Detector Cooling Solutions )
d G Very thin septum blade conductor N
I Septdsy blade
Cooling circuit connections
(for septum blade)
* We are currently looking into the application of replacing water with CO, in the HMS40 septa
magnet (SY-ABT Group)
e 1stestimations show a flow decrease of 90% (97% pressure drop reduction), reducing the
high speed (erosion) to comfortable numbers
o Current magnets 6-15 m/s!
* With CO, not being on the limit, more conductor shrinking seems feasible y

03/02/2026 Bart.Verlaat@cern.ch 13



EP-DT

) [ — Y per critical vs sub critical summary

N7 A

* Super critical CO, gives very good cooling performance above 32°C

* Below 30°C evaporative CO, works well, and can rely on the past 25 years
of development experience

* Super critical CO, has similar performance wrt evaporative but is a single
phase fluid, this might give advantages in flow distribution.

e EP-DT-DC continuous research within the DRD8 collaboration to explore
the sCO2 behavior.

* The system for a sCO, system is rather similar to the known 2PACL and
can be one system operating in both regimes

* CO, is a very good replacement for water

o When water is over the limit (Too high flows needed) than CO, is your solution!

03/02/2026 B. Verlaat 14
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</ Detector Technologies Ultra COld Krypton COOlIng (<_60 C)E 9 )Iig.ﬁ::n
= Old cooling E:::;r:;e
- é 7k choice at CERN O NirousOxide) ]
* For the cold range below the application of CO,, Krypton * / i
has been identified as a promising natural refrigerant. s Better performance
. . " . 2 lose to critical point
 Application in both super critical and subcritical state. FosE o e RO
o Same expected advantages as sCO, above the critical point E;
o Krypton has never been considered as a refrigerant before ° el
. ) . . r on
o R&D project in EP-DT-DC together with NTNU Trondheim 0 e T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
(Norway)
* Afeasibility demonstration has been performed by PhD © otemes  Preemoens
project of Luca Contiero peration |[LHC/FCE
o Very promising results, looks in 15t glance comparable behavior
to CO, at similar reduced pressures
o Is Krypton the CO, of the cold?
* Commercial interest of this system for ultra low
temperature freezing below -80°C
. L
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New Krypton cooling cycle with CO,
primary cooling

(EDMSNO. ‘REV. ‘ VALIDITY
03-02-2026

C Detector Cooling Solutions )

.
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|

ctor o, 130 Transcritical vapor compression cycle with
Ejector refrigeration . . : o
Wi @ G ‘ ejector for secondary detector circulation
W2 0 Gl \
Eiector® © < Mmmfclii:mm o | | | I. \\\ -l Y
IHX | . - s, : 3
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Liquid/ \ @ ) | | \ YN
vapor \\\ ,-E ‘ | | \ N
tank \ g 0 <
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N 7, | . -
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oy b ; ; ! ! ‘ ya S L e e N A
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—— throughthe detecton f PhD project of Luca Contiero (CERN/NTNU)
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D | e Experimental Krypton prototype E ‘Rwlf “’?333"23
-

e Compressor and detector
mockup box built at
NTNU (Norway)

* Use of an oil-lubricated
transcritical CO,
compressor with standard
oil PAG68

e Connected to the CERN
R744 system

£ i \/ A4 e © Connected to a bladder

s VLS WEsEs  accumulator for charge
b * Typical detector tubes for

cooling demonstration

f‘é.

Detector loop

Ejector - e — \ W\ A B o
Cooling channels =+ ~
detector =0 f,/

\
3

g/

; i |

)’/'
f -

" |\  )
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C Detector Cooling Solutions )
4 N
* Cycle worked as designed, concept of systems 74 . : : : . _
demonstrated! IE:T?

=]
(s3]

e Compressor was able to displace krypton gas also
under very high pressures (= 53 bar) and densities (up
to = 580 kg/m?3) at the suction

* Heat transfer looks promising, reduced effects due to

Temperature [°C]
‘:-J 1
oo

o)
=]

oil have been seen & . . . . .
«  Pressure and temperature drops behaviour very good 0 02 04 05 08 1 12
Tube length [m]
e We are working on an oil free set-up to do Krypt 13 o ‘ ‘ | ‘ ‘ ‘ ‘ ‘
heat transfer measurements Measurements on a 2mm x 1m test tube -
129 e | |
~ D
o —6— g ~ 385 kW/m?
E 11 f e
E e
X 10 :
@
= :
T 9 o =450 W in 1 meter -
J /e pipe (d. = 2mm)
8 8 L o _
-76 °C, Mass flux = 3800 — 4200 kg/m?s
7 ! ! ! ! ! ! ! !

O 01 02 03 04 05 06 07 08 09 1.0 J
Vapor quality (-)
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oecorecrnaioges- SUMMAry of the cooling solutions

C Detector Cooling Solutions

)

[

Cooling between 25°C and -40°C => standard CO, 2PACL system

Cooling between -60°C and -140°C => Krypton cooling with
compressor/ejector cycle

Cooling between -40°C and -55°C => CO, with the Krypton developed
compressor/ejector cycle

Warm cooling but single phase is preferred for flow distribution: Super
Critical CO, cooling @ 32-40°C

Are you using water but are you at the limit? => CO, cooling reduces flow

by an order of magnitude
CERN EP-DT-DC is there to help...

03/02/2026 Bart.Verlaat@cern.ch
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